Key message Although A. angustifolia occurs in regions with subtropical climate, warm conditions do not seem to impair the growth of young plants. Abstract The effects of increasing temperature are worth studying even in tree species from subtropical climates. Araucaria angustifolia occurs in the south and southeast of Brazil and in Argentina and its growth and success may be associated with low temperatures. We measured growth, photosynthetic parameters and the nutritional status of this plant growing under artificial warm and cool conditions. We expected growth and photosynthetic performance to increase under cool rather than warm conditions. Under high daily temperature, plants showed increased leaf area per plant, more leaves, containing more nitrogen. However, CO 2 assimilation rates at light saturation were similar in plants grown under both conditions, and photosynthetic nitrogen use efficiency was 25% higher in plants under cool conditions. This may be the first report of temperature effects on the growth of this species. Despite enhancing growth in A. angustifolia, warm conditions do not directly influence photosynthetic activities, but enhance leaf area per plant allowing increased CO 2 uptake.
Introduction
In general, plants grow more under warm conditions than under cool conditions. Plant growth (increase in plant size, leaf area and biomass), as a result of temperature, is dependent on thermal sensitivity of growth (Atkin et al. 2006) , acclimation of respiration (Atkin et al. 2005) , optimal temperature for photosynthesis (Berry and Bjorkman 1980) and, an interaction of the above-mentioned processes influences the carbon balance. Under warm conditions or when temperature rises, plants exhibit enhanced growth and increased photosynthesis (Hikosaka et al. 2006; Ribeiro et al. 2012) , as the optimal temperature for photosynthesis increases due to changes in activation energy of enzymes involved in these processes (Hikosaka et al. 2006) .
However, some species are adapted to cool conditions. For example, Eucalyptus globulus shows increased photosynthetic rates under cool conditions (Costa e Silva et al. 2009 ), as its genetic center of origin is believed to be in Tasmania, contrasting to its congeneric E. grandis, adapted to warm conditions. Gymnosperms are also adapted to temperate climates and, under cool conditions, are expected to have an advantage at some biological/ecological level (Arroyo et al. 1996) . Larix decidua and Pinus mugo, two conifer species from montane provenances in Switzerland, show biomass production even at 6°C (Hoch and Körner 2009) , indicating that plants adapted to temperate climates maintain their growth capacity under conditions in which most plants would stop growing. These authors support that conifers do not deplete their carbon resources (photosynthetic activity), although extremely low temperatures may affect their meristematic processes (sink activity).
There is much debate over the negative effects of increasing temperature on reproduction, growth and yields of plants that already are at their top limit responses to increasing temperature, especially of crop species with a C 3 photosynthetic metabolism (Sage and Kubien 2007) . On the other hand, studies discussing the effects of increasing temperature on the physiology of native plants adapted to cool or subtropical climates are less frequent (Saxe et al. 2001; Crawford 2008) . Therefore, understanding the responses of plants from subtropical climate is important to predict whether these native populations are likely to expand or reduce the area of their natural occurrence in the case of a rise in temperature above average growing temperature for each species.
Models predict that a 3°C increase in the current temperature could reduce the occurrence of Araucaria angustifolia (Brazilian pine) in its endemic region in South America (Wrege et al. 2009 ). This species occurs in the south and southeast of Brazil and in Argentina (Reis et al. 2014) . In Brazil, the distribution of A. angustifolia seems to exhibit an inverse relationship between latitude and altitude, so that in latitudes around 20°S it occurs at 1500-1800 m of altitude, while between 25°S and 30°S it occurs at 500-900 m of altitude (Ledru and Stevenson 2012) , indicating that this distribution pattern could be associated with cool and moist conditions of subtropical climate. In fact, a negative correlation between temperature and growth of male individuals of A. angustifolia, which grew more during the cold than in the warm season, has already been observed (Cattaneo et al. 2013 ). This indicates that cool conditions may benefit this species at some level.
There are no studies determining the average growing temperature for A. angustifolia. Few ecophysiological studies have been conducted with this species, focusing on its response to contrasting irradiance (Duarte and Dillenburg 2000) , soil compaction, water relations (Mósena and Dillenburg 2004; Cassana and Dillenburg 2013; Cassana et al. 2015) , as well as comparisons between young and adult trees in the field (Franco et al. 2005) . Studies about the effects of increasing temperature on the physiology of A. angustifolia are important, even though this species is associated with cool and moist conditions of subtropical climate. Indeed, no evidence has been collected on how A. angustifolia may react to a rise in temperature, or even to any contrasting temperatures. This lack of evidence may be due to the fact that the above-mentioned studies with this species concentrate on issues not related to identifying the best temperature for seedling production and reforestation, for example.
Under this perspective, we evaluated growth, photosynthetic parameters and nutritional status of A. angustifolia seedlings grown under two contrasting artificial daily temperatures (warm and cool conditions). Given the natural occurrence and observations made in the field for this species, we expected that growth and photosynthetic performance to increase under cool rather than warm conditions.
Materials and methods

Plant material
Plants of Araucaria angustifolia (Bertol.) Kuntze (Araucariaceae) measuring 47 ± 5.9 cm in height and with an age of 1.5 years were used. These plants were obtained from germinated seeds ('pinhão' as they are also called in local communities) collected at the municipality of Pilar do Sul, state of São Paulo, Brazil (23°48 0 37 00 S, 47°42 0 48 00 W) in April 2014. The leaves of this plant species are like a short-base (approximately 0.5 cm) isosceles triangle exhibiting 3-4 cm in length, a typical triangular-lanceolate leaf described for some gymnosperms, and its thickness averages 1 mm. Therefore, these are not needles, but leaves.
A substrate made of oxisoil:organic substrate:sand (2:2:1 v:v:v) was prepared together and distributed to individual pots (10 L) where the plants grew and were irrigated every other day. The pots were kept on benches in a greenhouse with semi-controlled conditions for five months before separating the groups of plants for the study.
Study design and experimental conditions
One group of 12 plants was maintained under warm conditions while another group of 12 plants was maintained under cool conditions for 120 days. The warm conditions were created using a plastic cover applied over a bamboo structure placed on a bench (3 m 9 1 m 9 0.80 m) inside a greenhouse. This structure simulated a small greenhouse (3 m in length, 1 m in width and 1 m in height above the bench) (Fig. 1c) . The cool conditions were created using a plastic cover applied over a cubic structure made of aluminum frames placed on a bench inside the greenhouse. This cubic structure was 3 m in length, 1 m in width and 1 m in height (Fig. 1a) , and it had a small window (0.45 9 0.32 m) where an air conditioner (Springer, Porto Alegre, Brasil) was placed to provide cooler air than that inside the greenhouse (Fig. 1b) . Air temperature (°C) and photosynthetic photon flux density (PPFD; lmol m -2 s -1 ) were measured inside both structures using a 1400-101 air temperature sensor (LI-COR, Lincoln, NE, USA) and a LI-190-SA quantum sensor (LI-COR, USA), respectively. Under each condition, these sensors were connected to a data logger (LI-1400, LI-COR, USA) that collected data every 30 min on a daily basis.
Daily amplitude in air temperature was larger under warm conditions (14.5°C) when compared to cool conditions (3.3°C). Under warm conditions, the temperature varied from 19°C (3:00-6:00 h) to 33°C (12:00-14:00 h), while under cool conditions it only varied from 17.5°C (3:00-6:00 h) to 20.8°C (15:00 h) (Fig. 2a) .
Using plants growing in both conditions, we measured plant height, number of new shoots, root-collar diameter, gains in shoot length, root-collar diameter and number of new shoots (n = 12) as well as leaf gas exchange rates at 30, 60, 90 and 120 days (n = 6). At 120 days of study, we measured root length, root volume, number of leaves per plant, total leaf area per plant, and the biomass of roots, shoots, leaves and total biomass (n = 5). At 120 days of study, we also measured the photosynthetic nitrogen use efficiency (PNUE), as well as total contents of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and sulfur (S) in the roots, shoots and leaves (n = 3). Soil fertility parameters of the substrate used in the pots of plants grown under both conditions were also assessed (n = 3).
Soil fertility
At the end of the study, soil samples were randomly collected from five pots from both warm and cool conditions. These samples were taken to the Soil Science Lab at University of São Paulo (USP, Esalq), in Piracicaba, SP, Brazil for routine soil chemical (fertility) analysis (pH in CaCl 2 ), which was performed according to van Raij et al. (2001) , and the procedures are described in English by Dantas and Batalha (2011) .
Biometric parameters
Plant height was measured with a ruler (cm), root-collar diameter with digital calipers (mm) and the number of new shoots (emitted since the beginning of the study) was counted. The gains in the shoot length, root-collar diameter and number of new shoots considered the increase in the length, diameter and number of these parameters since the start of treatment application. At the end of the study, root length was measured with a ruler (cm), and root volume assessed by water dislocation when excised root systems of plants were inserted into a graduated cylinder (mL). At 120 days of experiment, all the leaves of each of the five replications were excised and counted and total leaf area per plant (cm 2 ) was measured with an area meter (LI-3100C, LI-COR, USA). Subsequently, leaves, shoots and roots of the whole plant of each of the five replications were placed in paper bags and dried at 60°C (to avoid N volatilization) until constant mass. The biomasses (g) of organs were assessed with an analytical scale.
Plant nutritional status
After assessing the biomasses of organs, three (already dry) samples of leaves, shoots and roots were ground and digested in a nitric-perchloric acids solution. Potassium concentration was determined in a flame photometer (Micronal B262, Micronal, São Paulo, Brazil). Calcium and Mg were determined by the atomic absorption spectrophotometer method. Phosphorus was quantified colorimetrically, S was determined using a turbidimetric method and N was measured by the micro-Kjeldahl method, all of which followed Sarruge and Haag (1974) and Dantas and Batalha (2011) , and was performed in the routine Plant Nutrition Lab (Esalq, Usp, Piracicaba, SP, Brazil).
Leaf gas exchange
CO 2 assimilation (A, lmol m -2 s -1 ) and transpiration (E, mmol m -2 s -1 ) rates, stomatal conductance (gs, mol m -2 s -1 ), and intercellular CO 2 concentration (Ci, lmol mol -1 ) were assessed in fully expanded triangular-lanceolate leaves with an open portable gas exchange system (LI6400xt, LI-COR, Lincoln, NE, USA). Water use efficiency (WUE, A/E) and intrinsic water use efficiency (IWUE, A/ gs) were also calculated. Photosynthetic nitrogen use efficiency (PNUE, lmol CO 2 g -1 N s -1 ) was calculated by the ratio between A (transformed to lmol CO 2 g -1 leaf s -1 ) and leaf N content (g N per g dry leaves). One leaf per measurement was accommodated within the leaf chamber (6400-40 LCF, LI-COR) and measurements were performed between 9:00 and 11:00 h on cloudless days. The leaf area used to calculate gas exchange was the average from 15 leaves when disposed within the inner rubber ring, resulting in 0.7 cm 2 . The PPFD was provided by a red (90%) and blue (10%) LED light source (6400-02B led light source, LI-COR, USA), on top of the leaf chamber, set to provide 1200 lmol m -2 s -1 , as this value returned saturating A for A. angustifolia observed in a previous study (data not shown). CO 2 concentration in the leaf chamber averaged 400 lmol mol -1 , as provided by the 6400-01 CO 2 mixer (LI-COR, USA). Vapor pressure deficit (VPD; kPa), relative humidity (RH) and air temperature inside the leaf chamber were not set artificially, but oscillated with the external environment. Under warm conditions, VPD was 3.17 ± 0.72 kPa, RH 47.8 ± 7.3% and air temperature 34.0 ± 2.2°C, while under cool conditions VPD was 2.62 ± 1.53, RH was 50.3 ± 4.9 and air temperature was 26.8 ± 2.5°C.
Data analysis
A Student t test (a = 0.05) was performed (after checking for normal data distribution and homogeneous variance of data) between plants cultivated in warm and cool conditions, testing gas exchange variables (A, gs, E, Ci, WUE, IWUE) (n = 6) and non-destructive parameters (gains in shoot length, root-collar diameter and number of shoots) at 30, 60, 90 and 120 days of experiment (n = 12). Notwithstanding, we also run an analysis of variance (twoway Anova) to check gas exchange data between treatments over time, especially for CO 2 assimilation rates that could result in some consequences for explaining the plant biomass. For this, time was used as one of the factors (four Fig. 2 Daily oscillation in the air temperature (a) and photosynthetic photon flux density (b) measured inside the warm and cool conditions structures. The data were collected during 120 days on a daily basis at every 30 min. Vertical bars SD levels-30, 60, 90 and 120 days of experiment) and temperature as the other factor (two levels).
Using five replications for biometric parameters (number of leaves, shoot and root lengths, root volume, total leaf area per plant and biomass of organs) and three replications for PNUE, macronutrient contents in leaves, shoots and roots, we also used a Student t test (a = 0.05) to test these variables at 120 days of experiment. Statistical tests were performed using SigmaPlot 12.0 Software, and standard deviation (SD) is given in all figures and tables.
Results
The results of soil fertility were similar for plants growing under warm and cool conditions (Table 1) . However, plants under warm conditions showed 42% higher leaf N content when compared to those under cool conditions (Table 2 ). Leaf S content was also higher (?13%) in plants under warm conditions when compared to those under cool conditions (Table 2) .
Daily variations in PPFD under warm conditions were very close to daily variations in PPFD under cool conditions. At 12:00 h, average PPFD under warm conditions was 205 lmol m -2 s -1 , while under cool conditions, it averaged 272 lmol m -2 s -1 (Fig. 2b) . CO 2 assimilation (Fig. 3a) and transpiration (Fig. 3b) rates were the same for plants under both conditions measured on every evaluating day when using the Student t test. When a two-way Anova was used to check differences between treatments over time, it was shown that time exerted effects on A, but no significant interaction (time 9 temperature) was observed (Table 3) .
Stomatal conductance (gs) and intracellular CO 2 (Ci) were higher for plants grown under cool conditions at 30, 60 and 90 days. Water use efficiency (Fig. 3d) and IWUE (Fig. 3f) showed a great variability, but WUE was higher in plants grown under warm conditions when compared to those under cool conditions only at 30 days of experiment, while for IWUE, higher values for plants under warm conditions occurred at 30 and 90 days of experiment.
The root length (Fig. 4b ) and root volume (Fig. 4d) did not differ between plants grown under both conditions. However, the shoot length was 33% greater in plants under warm conditions when compared to those under cool conditions (Fig. 4a) . The number of leaves was 40% greater in plants under warm conditions when compared to those under cool conditions (Fig. 4c) , and leaf area per plant was 30% larger in plants under warm conditions (Fig. 4f) . On the other hand, the biomass of roots, shoots and leaves was the same in both treatments, being only slightly higher in plants under warm conditions when the total biomass was compared between treatments (Fig. 4e) . For each plant organ, distinct letters between warm and cool conditions represent significant differences by Student t test at 5% probability. Absence of letters indicates a lack of significant differences between warm and cool conditions (P \ 0.05) The gain in shoot length was greater in plants under warm conditions when compared to that under cool conditions at every evaluation day (Fig. 5a ). The gain in root-collar diameter was the same for plants grown under both conditions (Fig. 5b) , while the gain in the number of new shoots was higher for plants under warm conditions when compared to those under cool conditions only at 120 days of experiment (Fig. 5c) .
The PNUE of plants under warm conditions was 25% lower when compared to those under cool conditions (Fig. 6) .
Discussion
Contrary to our hypothesis, the results demonstrate that warm conditions enhance growth in A. angustifolia. Plants, in general, have an optimal as well as minimum and maximal air temperature for vegetative growth (McClung and Davis 2010; Hatfield and Prueger 2015) . Although A. angustifolia occurs in high latitudes and/or high altitudes (Franco et al. 2005; Duarte et al. 2006) , which reinforces that its growth and success may be associated with low temperatures, there are no studies showing the optimum temperature range for the vegetative growth of this species, making a contrast with studies of seed germination of this species. For seed germination of A. angustifolia, it has been demonstrated that the optimum temperature varies between 20 and 25°C (Kissmann and Habermann 2014) .
Although the biomass of organs measured at the end of the study showed similar values between plants under both conditions (Fig. 4e) , the shoot length (Fig. 4a ) and the number of leaves (Fig. 4c) were 25 and 40% higher in plants under warm conditions than in cool conditions, Fig. 4 Shoot length (a), root length (b), number of leaves (c), root volume (d), biomass of the whole plant (e), and total leaf area per plant (f) after 120 days of experiment under warm and cool conditions. Vertical bars are standard deviation and different letters are significantly different from each other using the Student t test (P \ 0.05) respectively. Temperature rise, in general, may increase stem diameter, plant height, and shoot biomass (Way and Oren 2010) . In the present study, the gain in shoot length showed a fivefold increase between 30 and 120 days of experiment for plants under warm conditions, while for plants under cool conditions such increment was only threefold (Fig. 5a ). This indicates that under warm conditions, the production of leaves and the shoot apex activity (sink activity) were considerably higher than under cool conditions. Therefore, the present study might be the first report on plant growth of A. angustifolia under contrasting temperatures.
In the present study, the temperature in the leaf chamber was similar to growing conditions for the warm treatment; however, the air temperature of 26.8°C in the leaf chamber exceeded the temperature at growing conditions for the cool treatment (20 ± 2.8°C; Fig. 2 ). This could have artificially increased A of plants under cool conditions. Nevertheless, carbon assimilation is maintained stable under a 17-34°C temperature range when measured in Quercus rubra, Q. falcata, Betula alleghaniensis and Populus grandidentata (Gunderson et al. 2010) . For Populus deltoides, increase in temperature results in enhanced plant growth, but has no effect on A (Cerasoli et al. 2014) . Therefore, an increment of 6°C in the leaf chamber does not seem to influence A of plants grown in cool conditions. Thus, despite growing more under warm conditions, A was the same between plants in both treatments (Fig. 3a) , which may refute our prediction that photosynthetic performance of A. angustifolia increases under cool conditions, and it deserves further investigation.
The difference in mean temperature between cool and warm conditions was 6°C, but the amplitude of daily temperature was 3.3°C under cool and 14.5°C under warm conditions (Fig. 2) . Some studies have shown that the amplitude of daily temperature exerts stronger influence on the vegetative growth when compared to the Fig. 5 Gains in shoot length (a), root-collar diameter (b) and number of new shoots (c) in Araucaria angustifolia plants grown in warm and cool conditions. Measurements were taken at 30, 60, 90 and 120 days after the start of treatment application and each symbol represents the mean value of 12 replications. Vertical bars are standard deviation and different letters indicate difference between both conditions and the absence of letters indicates a lack of difference between both conditions using the Student t test (P \ 0.05) Fig. 6 Photosynthetic nitrogen use efficiency after 120 days of experiment under warm and cool conditions. Vertical bars are standard deviation and different letters indicate difference between both conditions using the Student t test (P \ 0.05) influence of daily mean temperature on plant growth (Bueno et al. 2012; Baoguo et al. 2014 ). For instance, higher vegetative growth and biomass of Populus deltoides (eastern cottonwood) is noted under a 5°C amplitude in daily temperature when compared to a constant daily temperature even when under the same daily mean temperature for both conditions (Cerasoli et al. 2014) . However, P. deltoides is not native to temperate climates, and could benefit from any temperature rise, including the amplitude in daily temperature. When Larix decidua and Pinus mugo, two conifer species, are submitted to constant vs. variable 6 and 12°C (minimal and optimum temperatures for both species), these plants show relative insensitivity of growth to the presence or absence of variability in temperature (Hoch and Körner 2009) , suggesting that species adapted to cool conditions are not plastic to temperature variability. There are no studies evidencing the minimal, optimum and maximal temperatures for growth of A. angustifolia, and this may be the first study contrasting temperatures for this species. Since all plants within both treatments tested here originated from one population (Pilar do Sul, SP, southeastern Brazil), other provenances of A. angustifolia should be tested under contrasting temperatures. Thus, in the present study, it is possible that A. angustifolia might have benefited from the higher amplitude in daily temperature under warm conditions in contrast to the fivefold lower amplitude in daily temperature that occurred under cool conditions, and this topic merits further investigation.
Plants under both conditions showed similar A values over time (Fig. 3a) , although plants under warm conditions exhibited higher total biomass (Fig. 4e) . This could be due to gas exchange measured at saturating light, while growing conditions provided lower light intensity (Fig. 2b) . However, A. angustifolia young plants also grown under 200 lmol m -2 s -1 of PPFD exhibited light saturated (at 1000 lmol m -2 s -1 of PPFD) A value of 5.4 ± 1.8 lmol CO 2 m -2 s -1 (Einig et al. 1999) , which is similar to A values of plants grown in warm and cool conditions in the present study. Therefore, it is unlikely that gas exchange measurement was biased by different light intensities between growing and measurement conditions. These same authors demonstrated that mature fully developed leaves should be used for measuring gas exchange in this species, as A tend to drop by 50% in young leaves of A. angustifolia. In the present study we also used mature leaves to assess gas exchange data.
Although plants under cool conditions maintained higher gs values until 90 days of study in relation to plants grown under warm conditions (Fig. 3e) , gs did not influence A of any plant group because A was similar between treatments during this period. Cool conditions were provided with an air conditioner, which also dries air.
However, the relative humidity varied by only 5% in measuring conditions between treatments. In addition, VPD did not seem to influence gas exchange in measuring conditions, as no curve could be regressed between VPD and these rates (see Fig. S1 in supplementary material). For plants under cool conditions, the larger gs for the first 90 days of study did not represent any advantage, such as to increase A, although their Ci values were higher than those observed in plants under warm conditions for the same period (Fig. 3c) . This did not represent any disadvantage either, as it did not allow increased E. Nevertheless, plants under warm conditions showed 30% larger total leaf area per plant (Fig. 4f) . Therefore, plants grown in warm conditions can take up more carbon at similar CO 2 assimilation rates as plants under cool conditions. High temperature is also associated with variations in nutrient uptake and usage by the plant. In Pseudotsuga menziesii, a native tree from temperate climates, leaf N content was lower and plants showed different amino acid groups in a high day/night temperature (30/25°C) when compared to a mild day/night temperature (20/30°C) (Baoguo et al. 2014) . In the present study, plants under warm conditions showed almost 30% more N in their leaves in comparison to plants grown in cool conditions (Table 2) , although both groups of plants grew on substrates with similar fertility (Table 1 ). This could be associated with the higher growth of plants under warm conditions because tree growth and foliar N content seem to be positively and linearly associated (Davidson et al. 2007) , although these authors used legume and non-legume species in their study. However, although accumulating more N in their leaves, plants under warm conditions showed a 20% lower PNUE in relation to plants in cool conditions (Fig. 6) . It seems that the uptake of more N allowed plants under warm conditions to produce more leaves increasing their total leaf area per plant (Fig. 4f) , which eventually led to take up more carbon at similar CO 2 assimilation rates as plants under cool conditions (Fig. 3a) .
Leaves of A. angustifolia are very sclerophyllous. This indicates that these leaves invest less in leaf area and symplastic components and more in thickness and structural components, which requires less N and results in reduced specific leaf area (leaf area per leaf mass, SLA) (Reich et al. 1998) . In fact, most of the N absorbed by adult and young plants of A. angustifolia in the field is metabolized in the roots, suggesting a minor role for N in shoots and leaves (Franco et al. 2005) . Thus, more N in plants under warm conditions did not directly influence A, which was similar between treatments. In addition, it is unlikely that N was distinctly allocated to photosynthetic (chloroplasts and cytoplasm) or structural (cell walls and fibers) apparatus of A. angustifolia's leaves of plants from any of the conditions because SLA was similar for plants grown in both conditions (see Fig. S2 in supplementary material) . Therefore, warm conditions enhanced N uptake and the production of morphologically similar leaves of A. angustifolia plants.
One could argue that plants under cool conditions were subjected to 25% more sunlight when compared to plants under warm conditions, specifically between 10:00 and 16:00 h (Fig. 2b) . However, plants under cool conditions grew less than those under warm conditions, indicating that 25% more PPFD did not make any difference to the performance of these plants. More importantly, it confirms that the temperature contrast was more important than the PPFD difference.
Our results indicate that despite the fact that A. angustifolia can grow more under warm conditions this could not be explained by carbon assimilation rates, which was similar for plants growing under both conditions. Warm conditions enhanced N uptake and the production of leaves, increasing the total leaf area per plant. This allowed plants grown under warm conditions to take up more carbon at similar CO 2 assimilation rates as plants under cool conditions.
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